■ Abstract Tallgrass prairie (TGP) arthropods are diverse and abundant, yet they remain poorly documented and there is still much to be learned regarding their ecological roles. Fire and grazing interact in complex ways in TGP, resulting in a shifting mosaic of resource quantity and quality for primary consumers. Accordingly, the impacts of arthropod herbivores and detritivores are expected to vary spatially and temporally. Herbivores generally do not control primary production. Rather, groups such as grasshoppers have subtle effects on plant communities, and their most significant impacts are often on forbs, which represent the bulk of plant diversity in TGP. Belowground herbivores and detritivores influence root dynamics and rhizosphere nutrient cycling, and above-and belowground groups interact through plant responses and detrital pathways. Large-bodied taxa, such as cicadas, can also redistribute significant quantities of materials during adult emergences. Predatory arthropods are the least studied in terms of ecological significance, but there is evidence that top-down processes are important in TGP.
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Arthropods too can have profound influences on TGP ecosystem structure, processes, and function through both direct and indirect mechanisms ( Figure 1 ). In most systems, the predominant metazoan herbivores and detritivores are arthropods; these can influence the amounts of living and dead organic materials in systems and related nutrient cycles (95, 120, 123) . The TGP is no exception. Recently, increasing attention has been focused on this ubiquitous component of the TGP, and a growing body of evidence from a variety of ecological perspectives is accentuating the ecological significance of TGP arthropods.
TGP landscapes are composites of several habitat types. These include streams, forested riparian areas, and shrub islands, along with smaller, but still important, habitat features such as moist spring-fed swales and remnant buffalo wallows (105) . Ecological processes in TGP are influenced to varying degrees by interactions between different habitat types, and we discuss examples where appropriate. However, most of our discussion centers on patterns and processes in the grass/forb matrix proper, as this habitat type makes up a great majority of the land cover in TGP. This review emphasizes TGP, but selected references to research in other grasslands and systems are used to provide perspective or highlight potentially relevant studies that are lacking in the context of TGPs.
Given the current focus on TGP conservation and restoration and the recent advances in our understanding of the importance of invertebrates to this system, our purpose here is to summarize current information on arthropods and their ecological roles in TGP. In doing so, we also identify potentially fruitful future research directions in this still nascent but rapidly expanding field.
Figure 1
Ways in which grassland arthropods can influence ecosystem structure, processes, and function. Arrows indicate interactions between levels. Note that through various feedback mechanisms, all components and levels are linked; arthropod influences on one affect all others.
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WHILES CHARLTON prairie specialists, but all hexapod orders with prairie representatives are discussed. There are a variety of ways to categorize arthropods for ecosystem-level studies (e.g., guilds, functional groups). For our purposes, we loosely group them into general feeding groups and habitat associations.
ECOLOGICAL ROLES OF TALLGRASS PRAIRIE ARTHROPODS
Aboveground Herbivores
Phytophagous insects comprise a large proportion of the biodiversity of prairie communities. Many prairie plant species support communities of generalist and specialist herbivores, which in turn support generalist and specialist natural enemies (141) . Aboveground herbivores can be categorized into several groups: the mandibulate folivores, including Orthoptera and Lepidoptera larvae and some coleopterans, hemipteroid sap-feeders, and insects that feed and remain hidden in plant tissues such as gall-makers.
The ubiquity and relative ease of study of aboveground arthropods in grasslands and other systems has created a bias toward them in the literature. This group can influence ecosystem structure, processes, and function in many ways, both directly and indirectly ( Figure 2 ). The obvious direct impact of aboveground herbivores 
391
is removing and/or damaging plant tissues. Estimates from a variety of systems indicate that folivores can consume up to 50% to 150% of their body mass per day (16, 116) . However, consumption estimates for TGP arthropod communities are few and variable. While some (50, 117) have suggested that insect herbivores in the TGP utilize the bulk of aboveground primary production, estimates from a Missouri TGP indicated that total consumption by the aboveground herbivore and detritivore community was <5% of annual aboveground production (113) . The lack of estimates and disparities among the few that exist accentuate the need for more research on this topic. Although evidence to date suggests that arthropod herbivores do not limit primary production in TGP, established relationships between plant population dynamics, community structure, and ecosystem processes and functioning in grasslands (91, 132, 140) suggest that even subtle effects by herbivores may have ecosystem-level consequences.
Consumption of plant tissues reduces biomass, and removal of appreciable amounts of biomass reduces production. Nevertheless, there is evidence that light to moderate herbivory by both arthropods and ungulates in grasslands can elicit compensatory responses and stimulate plant production [e.g., herbivore or grazing optimization hypothesis (3, 81, 121) ]. The specifics of these relationships need further investigation. Some studies suggest that benefits to plants are overestimated (9, 142) , whereas others imply that these interactions reach the level of plant-grazer mutualisms (41, 96), a controversial view among ecologists. Plant responses to arthropod herbivory may be even more complex than previously thought, as recent evidence suggests that mycorrhizal symbionts may increase compensatory growth responses of plants grazed by grasshoppers (72) .
Arthropod herbivores can influence ecosystem processes and function by altering plant population and community dynamics (8, 85, 86, 91, 109) . The influence of aboveground herbivores can also extend to detrital and soil food webs. Through feeding, egestion, and excretion, insects and other arthropods alter the quality and timing of litter inputs, contribute nutrients via by-products such as frass and honeydew, change throughfall chemistry by damaging plant tissues, and alter energy budgets of damaged plants, which can affect root dynamics (6, 32, 80, 126) . Herbivorous insects influence even landscape-level processes such as nutrient retention and export at the watershed scale in some systems (42, 139) , although these effects are limited to outbreaks, and impacts of this magnitude have not been documented in TGP.
Few studies have shown substantial direct impacts on plant biomass and production in established TGP. Rather, investigations to date suggest that arthropod herbivores in established TGP remove only moderate amounts of annual net primary production (ANPP) (53, 71, 84) . It has also been suggested that this group may have more important influences on early successional systems (53) . The general lack of obvious direct impacts of herbivorous arthropods in studies to date in TGP may be related to the combined role of ungulate and arthropod grazers in the evolution of the system and dominance by grazing-tolerant grasses. Warm-season grasses, which form the matrix of the TGP, are generally considered a low-quality food
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WHILES CHARLTON resource because of their relatively low nutritional value and abundant refractory components such as silica (33, 142) . Although armed with structural defenses, grasses generally do not have the array of secondary compounds found in other plants (142) . The tolerance of grasses to grazing is further enhanced by the proximity of the meristematic zones to the ground. In contrast, the forbs and woody vegetation of the TGP are generally more nutritious than grasses-but have more chemical defenses. Hence, the nongraminoid components of the TGP are generally more resistant to grazing, whereas the grasses are more resilient. The TGP is also more diverse than other North American grasslands, mostly due to abundant forbs and shrubs, and the impact of herbivory in systems with higher floristic diversity, as in TGP, can be less pronounced (21) .
In addition to aspects of the plant community, the influence of large-scale, frequent disturbances such as fire and drought may obscure finer scale processes such as herbivory by arthropods. Hypotheses regarding relationships between disturbance and diversity suggest that the relative importance of biotic interactions is reduced in more disturbed systems because frequent and/or intense disturbances limit development of competitive hierarchies and predator-prey interactions (38, 131) and thus might also limit the relative importance of herbivory. As such, studies examining the importance of arthropod herbivory should account for disturbance frequency and intensity during and prior to studies. Focusing on early successional TGP systems (e.g., restorations) might also be fruitful in this regard. There is evidence from other systems that herbivore-induced changes in ecosystem structure are most pronounced during succession and could affect linked processes and function (22, 24, 129) .
GRASSHOPPERS
The Orthoptera are primarily folivores and a significant and species-rich group in TGP, as they are in all grasslands. Microhabitat requirements and feeding preferences vary considerably among orthopterans; some are generalists, feeding on a wide range of grasses and forbs, whereas others are monophagous or oligophagous, usually feeding on selected forbs, but grass specialists occur as well. Of the vast array of aboveground herbivorous arthropods in the TGP, acridid grasshoppers have received the most attention. Grasshoppers have significant impacts on plant populations, communities, and production in other grasslands, as well as in agricultural systems (8, 16) . However, the significance of grasshoppers in TGP is not clear, and studies that have addressed the issue suggest they may remove only moderate (generally ≤5%) amounts of ANPP (71, 84) . There is still much to be learned about the ecosystem-level role of grasshoppers, because they are patchily distributed and population sizes can vary greatly from year to year (43, 62, 63) . Therefore, it may not be prudent to generalize from measurements of their importance at a given time and place.
On the basis of production estimates and ecological efficiencies, Meyer et al. (84) found that grasshoppers removed a relatively small fraction of ANPP in a Kansas TGP, ∼1% to 5% of total ANPP, depending on burn history, compared with native ungulate grazers, Bison bison, which remove ∼20% of total ANPP 393 (68) . Consumption of forbs by forb-feeding acridids was most significant because they consumed higher proportions of available forb ANPP compared with consumption of grasses by grass-feeders. This pattern was most pronounced in more frequently burned areas where forb production was lowest (84). Hence, in terms of percent removal of ANPP, grasshoppers and ungulates, in this case bison, affect different components of the TGP; whereas bison selectively consume dominant C 4 grasses and thus promote forb production (67), the most significant impact of grasshoppers may be on forbs. These patterns suggest that complex interactions involving fire, ungulate grazing, and arthropod herbivory are in need of further study. Studies from other North American grasslands have also demonstrated plant-mediated interactions between grasshoppers and ungulate grazers (57, 101) .
Comparing ungulate with grasshopper grazing is difficult because of the spatial patchiness and annual variability of grasshopper populations and the dependence of ungulate values on stocking densities, rotations, and prevailing land management. A recent estimate (84) that grasshoppers in TGP may remove up to 20% of the amount of ANPP that bison remove is notable, considering that grasshoppers are only one component of the larger community of aboveground insect herbivores in the TGP. Future studies of grasshopper consumption should also account for differential feeding patterns and rates associated with forage quality, which, like grasshopper populations, varies in time and space (149, 150) .
ABOVEGROUND HERBIVORES AND NUTRIENT CYCLING RATES Like ungulates, herbivorous arthropods can influence ecosystem function and processes through feedbacks between plant communities and associated patterns of production, pools of inorganic nutrients, and mineralization rates. Through these pathways, acceleration or deceleration of nutrient cycling can occur, depending on feeding patterns, plant community responses, and limiting resources (8, 98) . Conceptual stoichiometrybased models predict acceleration of cycling when abundant, moderate-to lowquality plants (e.g., moderate to high C:N) are consumed in greatest quantity; in the case of TGP, the C 4 grasses meet these criteria. In response, the plant community is predicted to shift toward increasing proportions of higher quality plants (e.g., many forbs in TGP), which results in higher quality litter inputs to detrital food webs, faster decomposition rates, and enhanced nutrient cycling (99, 109). In contrast, deceleration is predicted when herbivores favor plants with higher tissue quality, which increases the abundance of plants with lower tissue quality (e.g., higher C:N) and in turn decreases the quality of litter inputs (99, 109).
Along with potential influences on plant communities and associated relatively slow nutrient cycling processes, herbivores can influence cycling in the short term by converting plant tissues into frass, which is generally more nutritious and labile than leaf litter (115, 123) . Dead bodies of arthropod herbivores also represent a relatively rich and labile nutrient input to soil systems (114, 115, 127) . Contributions of frass and dead body tissues are considered components of the "fast cycle" in ecosystems because decomposition occurs relatively rapidly (8) .
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Most studies conducted in a diversity of ecosystems suggest that arthropod herbivores tend to accelerate nutrient cycling through a variety of mechanisms (8, 32, 77, 123) . However, acceleration and deceleration models for arthropods remain relatively untested in the TGP. The influence of arthropod herbivores on N cycling rates in TGP might be expected to vary in time and space because of the dynamic nature of the system. The TGP is primarily N limited, and models suggest that herbivory should decelerate N cycling rates under these conditions. However, disturbance regimes (e.g., fire) and a highly variable climate can result in dynamic patterns of water and light limitation (12, 13, 68) , which could alter the overall influence of arthropod herbivores on nutrient cycling (56, 82) .
In a test of the nutrient acceleration hypothesis, Belovsky & Slade (8) found that plant abundance increased with grasshopper abundance in the Palouse prairie. This was attributed to enhanced N availability due to grasshoppers feeding primarily on lower quality plants that produced slowly decomposing litter, thus accelerating N cycling. In this case, ecosystem processes (N cycling), function (ANPP), and structure (plant community composition) were influenced by grasshoppers, and ANPP peaked at intermediate grasshopper densities (8) . In contrast, long-term exclusion of insect and mammalian herbivores from an oak and tallgrass savannah in Minnesota resulted in increased legume and total plant biomass and increased N in aboveground plant tissues, litter, and roots (109) . Exclusion also increased soil N availability, suggesting that herbivores decelerated N cycling by selectively feeding on and decreasing aboveground biomass of higher quality plants.
The differences in results of these two studies may be related to disparate limiting factors in each system, as deceleration of N cycling by herbivores should be increasingly evident in more N-limited systems. Both systems are N limited, but the Palouse prairie can also be water limited, particularly during dry summer months. Differences in the focal herbivores could also influence the outcome of these investigations. The focal grasshoppers in the Palouse prairie selectively feed on relatively low-quality grasses, whereas the diverse mix of herbivores (deer and mostly orthopteran and homopteran insects) excluded from the oak savannah feed on a variety of high-and low-quality plants. Thus, the taxonomic composition and/or selective feeding behavior of the herbivore assemblage may determine the outcome of these types of investigations. Likewise, within a system, groups that feed on different components of plant communities might result in null or neutral effects in terms of processes. For example, grasshopper assemblages in the Flint Hills TGP include forb-feeders that should decelerate cycling, grass-feeders that likely accelerate cycling, and generalists that should have no net effect (28, 84) . Furthermore, the relative importance of these groups in a given area varies between years (43, 84) .
Herbivory by arthropods may also alter litter quality through changes in individual plant tissue quality associated with responses to herbivory (7, 32, 48) . Herbivore damage can induce chemical alterations in plant tissues including changes in nutrient concentrations and/or production of secondary compounds such as phenolics and tannins that increase C:N ratios (1, 66) . Higher concentrations of phenolics and tannins are associated with slower leaf decomposition rates (145) , but these relationships are relatively unstudied in TGP. Studies with Agropyron smithii and Andropogon scoparius in short-and mixed-grass prairie suggest that the silica level in grasses is not an inducible defense (20, 33) . Still, much remains to be learned about other potential chemical changes in grasses and the many potentially inducible chemical defenses in forbs.
Herbivores can also influence litter quality and associated detrital cycles through premature leaf fall. This "greenfall" can include tissues that are removed during feeding but not ingested, leaves that are prematurely abscised in response to damage, and leaves that are clipped off by herbivores. Greenfall represents relatively high-quality detrital inputs compared with senesced litter and, along with associated leaching of nutrients and other materials from damaged leaves, can enhance nutrient and energy fluxes from the canopy to litter layer (107, 115) . Although these fluxes are relatively unstudied in TGP, Meyer et al. (84) provided one estimate showing that adult Phoetaliotes nebrascensis grasshoppers from a Kansas TGP severed and dropped 17% to 40% of the amount of grass they ingested, although this value was much lower (∼3%) for nymphs.
BELOWGROUND RESPONSES TO ABOVEGROUND HERBIVORY Along with influencing the quantity, quality, and timing of litter inputs, aboveground herbivores can influence belowground communities through changes in plant tissue chemistry and root and rhizosphere dynamics. Although studies in a variety of systems suggest that insect foliage-feeders negatively affect root-feeders (15, 79, 80) , many of these studies were performed in agricultural or otherwise simplified systems. There is some evidence that populations of belowground arthropod herbivores in established grasslands may be enhanced by aboveground herbivory, although studies to date have focused on simulated ungulate grazing (e.g., clipping and mowing) rather than on arthropods. Root biomass generally decreases with aboveground grazing in grasslands (121, 126) , but root quality (e.g., C:N) and N availability in the rhizosphere can be enhanced, resulting in higher densities of root-feeding arthropods such as scarab larvae and cicada nymphs (124, 126) .
More recent investigations in long-term experimental plots in a Kansas TGP showed variable but mostly negative responses by root-feeders such as beetles (mostly scarab, curculionid, and elaterid larvae) and cicadas (mostly Tibicen aurifera and Cicadetta calliope) to mowing (26) . Responses of belowground herbivores to aboveground herbivory likely vary with taxonomic group, type of herbivory (e.g., leaf chewing, leaf mining, sap feeding), timing and duration of herbivory, disturbance regime (e.g., burning history), and other limiting factors (14, 26) . Based on the few studies to date, the emerging pattern is negative responses of belowground arthropods to aboveground herbivory in agricultural or otherwise simplified systems and variable responses in established prairies. These relationships in the TGP may be complex and involve multiple trophic levels, as there is evidence that arthropod grazing can enhance mycorrhizal colonization of plant roots (72) , which in turn alters plant nutrient status and growth patterns.
SAP-FEEDERS AND GALL-FORMERS
Sap-sucking herbivores can affect plants by feeding on phloem or xylem. Xylem-feeders remove mostly water and amino acids and can cause water stress, reduced photosynthetic rates, and reduced production (64, 85, 86) . Phloem-feeders remove appreciable amounts of sugars in addition to water and nitrogen and can act as additional carbohydrate sinks on plants (59) . Moreover, xylem-and phloem-feeders can cause structural damage to plants during feeding and transmit diseases (85). Although difficult to quantify, estimates indicate that, on average, sap-feeders consume approximately 2.5 mg dry sap per milligram of dry insect mass per day (116) .
Few studies have specifically examined the ecological significance of sapfeeding insects in TGP. However, Johnson & Knapp (64) found that high densities of Ischnodemus falicus (Hemiptera: Lygeidae) significantly reduced photosynthetic rates and production of prairie cordgrass in mesic TGP. This finding suggests that sap-feeders may exert some control over primary production, but I. falicus, like most other insect herbivores, is patchily distributed and population sizes show great annual variability (64) . Hence, as with other arthropod herbivores, understanding the long-term and large-scale consequences of the feeding activities of sap-feeders is elusive. Further, there is a lack of basic information on this group of insects, as it is not known whether many sap-feeders, including I. falicus, are tapping phloem or xylem. Given the different effects associated with each type of feeding, this type of basic natural history information could enhance our knowledge of the potential impacts of this guild in the TGP.
Gall-forming insects are common on many TGP forbs, and their effects have been examined to some degree. In general, galls can act as carbohydrate and nutrient sinks and can also restrict transport of materials in stems (59, 83) . In a Kansas TGP, Antistrophus silphii wasp galls reduced shoot growth, reduced leaf and flower production, and delayed flowering of Silphium integrifolium (46) . Galls also completely stopped apical growth and flower formation in 65% of galled shoots. As a result, plants with more galls had lower total biomass and allocated less energy to flowering (46) . Furthermore, galls influenced the timing of flowering, potentially disrupting synchrony with pollinators. In a subsequent study of the same system, galls reduced plant height, leaf area, and inflorescence production of rosinweed in the field, although impacts were modulated by water and nutrient availability (47) . Results of both studies suggested that galls represent architectural constraints on meristem activity and that levels of competition among plants regulate responses. As with many other impacts of herbivory, effects should be most pronounced when limited resources such as N, water, and light are least available.
SEED AND FLOWER HERBIVORY Numerous insects feed directly on flowers, seeds, and other reproductive parts with potential consequences to individual plant fitness. Insects feeding on plant reproductive parts can greatly affect plant reproductive output, influencing the abundance and distribution of plants (45, 75) . As with other forms of herbivory, there is controversy regarding the impacts of this group because some studies provide evidence that plants produce an excess of reproductive parts to account for losses (136) and may exhibit compensatory responses (55) . Plant responses and effects likely depend on the level of damage inflicted, life-history characteristics of the herbivores and plants, and timing of damage to seeds relative to dispersal.
Various seed-and flower-feeding insects affect the reproductive output of forbs in tallgrass and mixed-grass prairies. Apion rostrum weevils feeding on Baptisia leucantha seeds in mesic TGP can increase selective seed pod abortion by lowering the number of seeds in pods (100). Tephritids and pyralids feeding on inflorescences of Platte thistle (Cirsium canescens) in the Nebraska sandhills greatly limited seed production, seedling recruitment, plant density, and maternal fitness of this native forb (76) . The measured impacts on Platte thistle in this system were high compared with other similar studies, possibly because it is a short-lived perennial with a transient seed bank (76) . Plants that have intermediate life histories (e.g., biennials and short-lived perennials), that are patchily distributed, or that rely heavily on current seed production for regeneration may be most susceptible to this type of herbivory (76) . Many forbs fall into this category. Hence, flower-and seed-feeding herbivores may influence ecosystem structure and function more so in the TGP than in other systems.
Timing of flowering may also influence the impacts of flower-and seed-feeders. The early flowers of Baptisia australis, a conspicuous legume in the TGP, are susceptible to damage from olethreutid moth (Grapholitha tristegana) and weevil (Tychius sordidus) larvae, which together can affect 80% to 100% of developing seed pods (45) . Although late flowers are less susceptible to the moths and weevils, they are increasingly vulnerable to blister beetle (Epicauta fabricii) adults, which can destroy more than 80% of flowers, buds, and young fruits (44, 45) . This dynamic, coupled with the timing issues associated with insect pollinators, suggests that temporal patterns of plant and insect interactions may be complex and should be accounted for in future investigations.
Pollinators
TGP pollinator communities include pollination specialists, which visit only selected families, genera, or even species, and, at the other end of the spectrum, a great variety of pollination generalists (103). Although not often a focus of ecosystem-level studies, arthropod pollinators can influence ecosystem structure and thus processes and function, because at least some members of plant communities depend on them for successful reproduction (29) . Given the often intimate coupling between plants and their pollinators, changes in pollinator abundance, diversity, or temporal dynamics could result in changes in ecosystem structure.
While the dominant prairie grasses are wind pollinated, the forbs and shrubs that represent the bulk of plant diversity in the TGP are mostly insect pollinated. For example, four of five species of Penstemon, which are important components of forb diversity in TGP, failed to set seed when insect pollinators were experimentally excluded (34) . On the basis of flower and pollinator morphology, Hymenoptera were the most important pollinators of Penstemon spp. (34) . A comparison of the ecological attributes of rare and common plant species in southern Ontario revealed that rare species were associated more with open habitats such as TGP and were more likely to be insect pollinated (25) .
Phytophagous arthropods that are not pollinators can also indirectly influence pollination success of prairie forbs, because feeding damage and resultant changes in the energy budget of an angiosperm can influence aspects of flowering. Fay and colleagues (46, 47) found that cynipid wasp galls resulted in reduced flower production and altered flower timing of S. integrifolium. Along with the obvious implications of reduced flower production, a change in the timing of flowering could influence pollination success because many insect-plant pollination systems are temporally synchronized.
There is rising concern among ecologists over declines in pollinator abundance and diversity and the potential consequences for biodiversity and ecosystem health (2) . Because TGP forbs are mostly insect pollinated, the importance of insect pollinators to the maintenance of TGP ecosystem structure is obvious. Furthermore, there is increasing evidence of important relationships between plant species diversity and ecosystem function in grasslands and other systems (31, 94, 140). Smith & Knapp (132) found that as diversity of subordinate species in TGP plots, most of which were insect-pollinated forbs, was experimentally reduced, overall productivity of these species declined. This finding implies that the loss of TGP plant diversity could have consequences for the resistance and resilience of the system to invasive species, climate change, and other threats.
Belowground Herbivores
Among herbivorous soil arthropods, notable macrofaunal elements include the xylem-feeding cicada nymphs and root-feeding scarab larvae. Both groups can attain high abundance and moderate richness on prairie sites. Total macroarthropod density and biomass in TGP soils have been estimated at 100 individuals per m 2 and 1.5 g per m 2 , respectively (102, 128). There is also a great diversity and abundance of microarthropods, whose small size belies their ecological importance. Brand & Dunn (18) recorded 27 different taxa of springtails alone from leaf litter in native and restored prairie sites. The Acari, which include detritivores, fungivores, and predators, are the most abundant and one of the most diverse groups, with densities exceeding 120,000 individuals per m 2 and corresponding biomass of up to 36 mg/m 2 reported for shortgrass prairie soils (73) . In an Oklahoma TGP, 15 orders and 46 families of soil arthropods were identified, and the biomass of belowground arthropods greatly exceeded that of their aboveground counterparts (108) .
Although not as conspicuous as their aboveground counterparts, belowground herbivores are considered equally or more important in grasslands. Most primary production occurs below the soil surface in North American grasslands and, accordingly, the majority of herbivory occurs there as well (15, 134) . There is also growing evidence that root-feeders have more influence on plant populations and communities than do aboveground insects in established systems (15, 90) . As with aboveground herbivory, low to moderate levels of root herbivory are often tolerated and in some cases may even stimulate production, but higher levels have negative impacts (15) . In some cases, impacts of root-feeders on grasslands are dramatic, resulting in obvious aboveground effects and collapses of host plant populations (138, 143, 146) . As with aboveground herbivores, there is also evidence that rootfeeders can alter patterns of succession in systems such as old-fields, including increasing diversity and rates of succession (52) . Community-level impacts of this magnitude are not the norm in established grasslands, but TGP restorations provide an opportune venue for the study of these effects.
Along with removal of root biomass or fluids and associated impacts on individual plants, root-feeding arthropods can also influence belowground nutrient and energy exchanges among plants by causing leakage and through excretion (92, 93). The ultimate importance of root-feeding arthropods to belowground nutrient and energy exchanges needs further investigation, but evidence from studies of nonarthropod root-feeders suggests they may be important. Experimental studies have shown that root-feeding nematodes in grasslands can facilitate nutrient transfers in soils, stimulate root growth of host and neighboring plants, and stimulate rhizosphere microbial communities (5, 40) . Belowground nutrient and energy exchanges among plants due to root herbivory may also influence competitive interactions among plants (92, 93) and thus, ultimately, community structure.
Various studies provide evidence that belowground herbivory can influence plant production (15, 90) . However, these relationships are still poorly understood in TGP, and relationships between belowground herbivores and plant productivity may be complex in this system. Multiple years of organophosphate insecticide treatment to experimental TGP plots in eastern Kansas resulted in no clear effects on above-or belowground plant production (53, 124, 128) . These negative results have been interpreted as reflecting antagonistic effects on different components of the plant community that result in little net change in total production and may also be related to differential effects of the insecticide used on various invertebrate groups. These results are also in sharp contrast to results of similar manipulations in shortgrass prairie (61, 135) , suggesting there may be important differences in belowground herbivore-plant relationships in different grassland types. The influence of arthropods on these relationships in grasslands is also difficult to discern from these manipulations because the bulk of observed effects is attributed to herbivorous nematodes.
Scarab beetle larvae can attain high densities, heavily graze roots, and have visible impacts on patterns of aboveground growth in grasslands (143, 146) . Even so, there is relatively little quantitative information regarding their influences on ecosystem structure and function in the TGP. Studies from other North American grasslands suggest that scarab larvae can have significant influences on grass production (35, 143) and, although they are often patchily distributed and their populations vary greatly between years, they can have lasting effects (35) .
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The influence of root-feeding scarabs may also depend on complex interactions with other herbivores and disturbances. For example, grass mortality from scarab larvae increased where ungulate grazing occurred in a shortgrass prairie, presumably because of changes in root resource quality and/or the more even spatial distribution of roots caused by ungulate grazing (35) .
The various roles of arthropods in ecosystems are generally considered regulatory and arthropods themselves are not considered significant resource pools at the ecosystem level. However, cicadas, a conspicuous component of belowground arthropod communities in TGP soils, may be an exception to this generalization. Periodical cicadas are well known because of their spectacular, synchronized emergences every 13 or 17 years. Although generally associated with forests in the eastern United States, periodical cicadas can attain exceptionally high densities in forest edges (110) and can be abundant in the linear, fragmented riparian forests in TGP. During an emergence of Magicicada cassini in Kansas, an estimated 4.5 metric tons of cicada biomass emerged from a 59-ha riparian forest, representing ∼0.5 metric tons of N (147). Although originating in gallery forest soils, adult cicadas were abundant in all adjacent habitats following emergence. The N flux associated with this emergence represented ∼40% of annual inputs of "new" N in this area via average bulk precipitation and ∼20% of N associated with average litterfall in gallery forest habitats (147) . Periodical cicada emergences may become more widespread in the TGP as forest habitats expand in response to fire suppression (70) .
Annual grassland cicadas have not received the attention in the literature that periodical species have, but recent evidence suggests that grassland cicadas are more significant to material and energy cycling than are periodical cicadas because of their consistently high belowground densities and large-scale annual emergence. Some prairie cicadas, including Tibicen aurifera and Cicadetta calliope, live in open, treeless habitats, feed on roots of native warm-season grasses, and oviposit in grass stems (27) . Annual emergence production of these two species from Kansas TGP averaged 3 to 4 g per m 2 per year, representing an annual N flux of ∼4 kg per ha per year, which greatly exceeded values for annual species in adjacent gallery forest habitats (27) . Even though the annual redistribution of energy and nutrients associated with annual and periodical cicada emergences in the TGP is impressive, information on long-term, spatiotemporal emergence patterns and the ultimate fate of adult cicada biomass is still lacking.
ABOVEGROUND RESPONSES TO BELOWGROUND HERBIVORY
In addition to their varied effects on the belowground environment, belowground herbivores can also influence aboveground productivity, communities, and processes (6, 23) . Many studies indicate that root-feeders positively influence aboveground herbivores by eliciting plant stress responses that result in changes in tissue chemistry and increases in food quality, and aboveground herbivores can negatively affect rootfeeders by reducing root production (15, 80, 142) . However, most support for this general pattern is from studies of early successional or otherwise simplified systems (15) . The handful of studies from mature grassland systems appear to contradict this generalization (35, 90) . Furthermore, there is evidence that these relationships may be complex in established grasslands because of interactions with ungulate grazing and climate (35) . The influence of root-feeders on aboveground herbivores is virtually unknown for TGP, but evidence from other grasslands suggests that this is a fruitful area of research and that studies need to account for potential interactions with disturbances such as fire and drought to fully assess relationships. Moreover, there is growing evidence that mycorrhizal symbionts may mediate relationships between plants and arthropod herbivores in TGP (72) and may thus influence interactions between above-and belowground herbivores.
Detritivores and Scavengers
Despite the persistent bias toward the more obvious "green world" of most ecosystems, detrital pathways dominate energy flow and nutrient cycling in most systems, and a diversity of detritivorous invertebrates play key roles in the decomposition process. The fundamental roles of arthropods and other invertebrates in detrital pathways entail reducing particle size through comminution, which in turn influences leaching, microbial dynamics, and mineralization, and feeding directly on microbes (87, 120, 123) . These relationships can be complex, as the ultimate influence of arthropods can range from net mineralization to net immobilization of nutrients, depending on the substrate nutrient concentrations and interactions with microbes (123) . Dead arthropods themselves, particularly their exoskeletons, can also contribute to detrital resources and represent significant pools of elements such as calcium (127) .
Numerous studies from a variety of systems link arthropods and other invertebrates to the decomposition of plant detritus (123, 134, 144) , but these processes and relationships are insufficiently studied in TGP. One of the only investigations of the role of invertebrates in TGP litter decomposition (124) found no differences in decomposition rates of insecticide-treated versus untreated litterbags. Seastedt et al. (124) speculated that usage of grass detritus in the TGP was limited compared with other systems because it was of low quality (e.g., low N and high silica concentrations) and that moisture in soil surface habitats was often limiting to biological activity. The use of insecticides in these types of studies has been questioned, as it may alter microbial dynamics and differentially affect invertebrate groups (60, 120) . Studies that control or account for pesticide effects and nutrient and water limitations are needed to assess the role of arthropods and other invertebrates in TGP detrital pathways. Similar investigations in shortgrass prairie imply that their significance to this vital ecosystem process is high (144) .
Understanding the role of arthropods and other invertebrates in litter dynamics in the TGP requires accounting for the array of factors that influence litter quality, accumulation, and persistence and the complex interactions among them. Two major forces that shape the TGP, fire and ungulate grazing, have opposing influences on litter quality. Fire tends to reduce plant tissue quality (12, 13) and shifts community structure toward lower quality (e.g., higher C:N) C 4 grasses (36, 54), both of which translate into lower quality detritus. In contrast, ungulate grazing increases individual plant tissue quality and favors the more nutritious forbs (67) and thus should result in higher quality litter. Moreover, fire and grazing interact at the landscape scale through a series of positive and negative feedbacks resulting in a shifting mosaic of vegetation (19, 37, 51) . As such, aboveground plant litter in the TGP is a dynamic and less predictable resource compared with many other systems. The scant available evidence suggests that detritivorous arthropods may be less important in TGP than in some other systems, but their role has yet to be adequately assessed and should be examined in the context of the complex spatiotemporal patterns of litter in this system.
Given that most primary production occurs belowground in TGP, decomposition of belowground plant detritus is likely an important process. Further, grass root detritus is of higher quality than detritus derived from foliage, and decomposition and mineralization rates of roots are more rapid (122, 124, 125) . Seastedt et al. (124) examined root decomposition dynamics in a Kansas TGP and found that decomposition was ∼25% faster in coarse mesh bags, which allowed macroinvertebrate access, compared with fine mesh bags, which permitted entry of only microarthropods and nematodes. This resulted in ∼50% more N mineralized from the coarse mesh bags compared with the fine mesh bags (124) . Although macroarthropods are an important component of this system, quantifying their contribution is difficult because nonarthropods such as earthworms were also abundant in these studies. Nonetheless, results of these investigations demonstrate that invertebrate detritivores in TGP soils can enhance decomposition, nutrient mineralization, and nutrient availability to plants, and these processes may compensate for any negative impacts of belowground herbivores (106, 124) .
Translocation of nutrients by scavengers and detritivores is another potential ecological role of grassland arthropods. Ants have not received the attention in the North American prairie that they have in tropical grasslands, but evidence from some grasslands in North America suggests that they may influence the distribution of nutrients. By moving food materials, scavenging ants at arid grassland sites in the western United States redistribute nutrients laterally and thus influence the patchiness of resources (11) . A similar study in shortgrass prairie (111) revealed that soil C, N, and P concentrations increased near ant nests.
Predators
Predatory arthropods are a conspicuous component of the TGP, but their role in the system is poorly studied. Predatory arthropods can exert various controls on primary consumer populations through lethal effects and influence individual behavior and fitness through nonlethal effects. Through their impacts on primary consumers, arthropod predators can also influence basal resources via trophic cascades (74, 78) . For example, Moran and colleagues (88, 89) demonstrated that mantids (Tenodera sinensis) in an old-field system in Delaware could enhance plant biomass through reductions in herbivory. In addition to effects of individual predators on specific prey populations and food web linkages, predator diversity may also be important. Increasing arthropod predator diversity facilitates intraguild interactions among predators, reduces impacts on herbivores, and dampens topdown trophic cascades (49) .
Predators may influence diversity of other arthropod groups in the TGP. Relationships between plant diversity and herbivorous insects in grasslands, as with other ecosystems, suggest that there are strong interactions between the two and that plant diversity generally enhances herbivorous insect diversity (39, 65, 130) . However, herbivorous arthropod diversity was correlated more strongly with arthropod predator and parasite diversity than with plant diversity in experimental tallgrass plots in Minnesota (130) , suggesting that top-down forces can be as important as plant communities in maintaining arthropod diversity in grasslands. These results, in light of increasingly evident linkages between arthropod biodiversity and ecosystem stability and function (30, 91) , underscore the importance of documenting the role of predators in promoting and maintaining biological diversity in the TGP. Arthropod predators are vulnerable in the TGP parcels that remain because they are sensitive to landscape-level features such as perimeter-to-area ratios (137) , which increase with continued fragmentation.
The potential importance of predatory arthropods is not limited to aboveground habitats. In desert and shortgrass prairie soils, predatory arthropods indirectly influence decomposition and nutrient cycling by feeding on nematodes that control microbial populations (58, 97) . Belowground processes are particularly important in grasslands because the bulk of production occurs below the soil surface. Thus, belowground predators, which are abundant and diverse in TGP soils (26, 118, 119) , may be the most important, but least studied in terms of their ecological roles, arthropod predators in the system.
CONCLUSIONS AND FUTURE DIRECTIONS
The paucity of information on prairie arthropod biodiversity points to the need for detailed faunal surveys encompassing all groups, particularly for some of the important but heretofore neglected ones such as spiders, ants and selected other Hymenoptera, moths, many Diptera, and the belowground and litter-dwelling fauna. Continued taxon-specific biotic surveys of individual prairie plots, both large and small, will help alleviate this knowledge shortfall. However, what really is needed is a coordinated and comprehensive initiative that culminates in the creation of an extensive, accessible database of prairie arthropod fauna and ecological correlates. Good templates for such an endeavor are the All Taxa Biodiversity Inventory (ATBI) currently conducted in the Great Smoky Mountains National Park (a project of Discover Life in America) or the Arthropods of Canadian Grasslands project (an initiative of the Biological Survey of Canada).
More effort also needs to be directed toward elucidating the basic biology of many taxa. Life cycles, feeding habits, diet breadth, and habitat affinities are but a few examples of basic information that is lacking for nearly all of the prairie arthropod biota. For example, stable isotope analyses could be used in conjunction with behavioral observations or gut content analysis to discern cryptic trophic status of individual species (27, 141) , investigate the contribution of plant-or animal-based resources to the diet of omnivores, or elucidate prairie food webs as has successfully been done in other systems (17) .
Although few would argue prima facie that arthropods are not an important component of the TGP, there is still an obvious lack of specific, quantitative information on the roles of arthropods in the TGP. Much of the information that we provide is gleaned from individual investigations or extrapolated from studies in other grasslands or systems. As a result, there exist tremendous opportunities for quantifying the ecological roles of TGP arthropods, particularly in terms of ecosystem-level processes and functions such as decomposition, nutrient cycling, and primary production. While numerous studies indicate that arthropods influence various components of the system (e.g., individual plant fitness or population dynamics), very few linked these findings with ecosystem processes and function.
Secondary production is one of the most relevant metrics for quantifying the role of consumers in ecosystem processes and function; yet production estimates for terrestrial arthropods in the TGP as well as for many other systems remain scarce. Production estimates for consumers can be tedious and logistically difficult to produce, but benefits can offset costs because these estimates allow for linking consumers directly to ecosystem processes. Benke (10) reviewed production methods for freshwater insects, and these same techniques are applicable to many terrestrial groups if accurate estimates of densities, mass, and life cycles are available (84). Production estimates coupled with estimates of ecological efficiencies can be used to estimate consumption and egestion, as has been done with wetland caddisflies (148) , stream insects (133) , and grasshoppers (84) in TGP.
There is evidence from other regions that herbivores may be most influential in early successional systems. Given the current focus on restoration throughout the historic range of the TGP, there is great opportunity to examine the potential influence of arthropods in this context. There is also need for further studies on the influence of arthropods on nutrient cycling rates (e.g., acceleration versus deceleration models) because studies from other grasslands show variable results and because this information is completely lacking for the TGP. Finally, there is a clear need for a better understanding of interactions between aboveand belowground herbivores. Studies of herbivorous groups will be most informative if potential interactions with fire and ungulate grazing are taken into account.
Ecological roles of TGP arthropod groups may, in some cases, prove elusive and variable because of the dynamic nature of the TGP. Studies to date suggest that arthropods, including herbivores and pollinators, have more influence on the forb component of the TGP. Studies that account for spatiotemporal variability in resource quantity and quality (e.g., patterns of plant community structure, 405 primary production, and detritus dynamics associated with fire and ungulate grazing) will be most useful for assessing the varied roles of primary consumers in TGP processes and function. In effect, arthropods operate on the backdrop of fire, ungulate grazing, and climate, which interact to form the dynamic TGP ecosystem template.
